Introduction
Mariners operating in the Chesapeake Bay presently employ traditional National Ocean Service (NOS) tidal predictions, which are based solely on astronomical forcing. However, subtidal (i.e., with a frequency lower than --0.95 cycles per day (cpd), the diurnal tidal frequency) variability is significant in the bay and at times the subtidal signal completely overwhelms the tidal signal (Figure 1) . Therefore, for safety reasons, methods of hindcasting and eventually predicting subtidal variations are needed. Subtidal variations in water levels have been linked to two primary causes: direct (or local) wind forcing on the bay and a coastal (or remote) long wave that enters at the bay's mouth and propagates up the bay. For example, wind setup due to longitudinal north-south wind stress acting directly on the bay was identified as an important factor in producing subtidal water level fluctuations at Baltimore and Solomons Island, Maryland, by Pollak [ 1957 Pollak [ , 1960 . In a series of papers examining subtidal water levels and currents in the bay and the Potomac River, D.P. Wang and A.J. Elliot [Elliot, 1978; Wang and Elliot, 1978; Elliot and Wang, 1978; Wang, 1979a Wang, , 1979b found that the bay exhibited a response at 2-to 5-day periods, which was This paper is not subject to U.S. copyright. Published in 2001 by the American Geophysical Union.
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correlated to longitudinal wind forcing and possibly seiching at the bay's natural period. They also found that the response at longer periods (10 days or more) was correlated to longitudinal winds just outside the bay's mouth implyino Ekman transport fi-om the local shelf. Additionally, for intermediate periods the bay's response was con'elated to lateral (east-west) wind stress, implying forcing by coastal setup. Wang [1979c] found that the coherence between subtidal water fluctuations at the bay's entrance and nearby winds was relatively low but that coherence with subtidal water levels at Sandy Hook, New Jersey, was high, especially for periods > 3.3 days. On the basis of observed phase lags he concluded that the southern Middle Atlantic Bight was strongly influenced by free shelf waves generated north of Cape May, New Jersey, which propagated southward at a speed of 600 km d -•. In Chesapeake Bay, water density distribution and stratification have been shown to have a strong influence on cmTents [Wang, 1979b; Vieira, 1986] but only a minor role in determining water level variability [Blumberg, 1978] .
In an effort to hindcast these variations, we applied two common approaches' (1) statistical prediction equations derived by linear regression and (2) numerical circulation modeling. Statistical predictions based on multiple regression have been widely used in coastal forecasting. A statistical hindcast equation for water levels at Chesapeake Bay Bridge Tunnel (CBBT), using three variables (two wind stress components and atmospheric pressure) at a single location (1992) , was able to account for 58% of the total subtidal variability. A coastal forecasting method for water levels at several locations in Tampa Bay, Florida [Zervas, 1996] , that incorporated a propagating shelf wave was based on a single variable, the subtidal water level observed several hours earlier at a station north of the bay' s entrance. In our study, statistical hindcast equations were produced by correlating the variability of subtidal water levels in the bay with five variables, including two components of the wind stress at two locations inside the bay and the subtidal water level at a single coastal station outside the bay. Atmospheric pressure was not used. Hindcast equations were derived for three locations in the bay: Baltimore, Solomons Island, and CBBT.
A numerical model, driven by surface winds and a coastal setup, was the second approach used to generate water level hindcasts. Numerical circulation models of Chesapeake Bay have been designed for general or environmental hindcasting [Blumberg, 1977; and for process studies [Spitz and Klink, 1998 ]. Here we used the barotropic version of a three-dimensional model [Hess, 1989 Hess, 1990; Brooks, 1994 ] which has been set up specifically for hindcasting and forecasting tidal and subtidal water levels in Chesapeake Bay [Bosley and Hess, 1998 ].
To determine accuracy, hindcast subtidal water levels from both methods were compared to the observations and each other at both monthly and annual timescales. We also compared properties of the hindcast subtidal water levels from both methods to the results obtained from other methods of analysis of the observational data, including empirical orthogonal function (EOF) analysis, to assess the relative importance of the direct wind forcing as compared to the coastal setup.
Data Sources
Six years (1991) (1992) (1993) (1994) (1995) (1996) of hourly water level measurements from 10 NOS water level gauges within the bay were employed in this study (Figure 2 ). The gauges are located at Baltimore, Annapolis, and Solomons Island in Maryland and at Lewisetta, Gloucester Point, Sewells Point (Hampton Roads), Kiptopeke, and the Chesapeake Bay Bridge Tunnel in Virginia. With the exception of Kiptopeke, all the locations are on the south or west side of the bay. Data for only one station (Cambridge, Maryland) are available for this period, but this location is a ways up the Choptank River and does not adequately represent the bay. The lack of east side locations is not a severe limitation since the bay is quite narrow relative to its length and both the coastally forced long wave and the setup forced by over-bay winds vary primarily in the axial direction. Additional data from the same years for Lewes, Delaware, and Duck, North Carolina, were used to represent the coastal water level. The observational and harmonic constant data were obtained from NOS's Center for
Operational Oceanographic Products and Services. In all cases, any missing data were filled in by standard NOS procedures which involve comparisons with nearby water level records and with tides predicted from the astronomical constituents. All 6 years of data were used in the EOF and spectral analyses, data from 1994 were used in developing each hindcast method, and data from 1996 were used to test each hindcast method.
Since water level records contain both the tidal and higherfrequency variations and the subtidal variation, the tidal signal was removed using two methods. Detiding, which is the subtraction of a astronomically predicted tide produced by employing the NOS harmonic constituents for each location, was most often used. The remaining signal consists primarily Thomas Point and at the NOS meteorological station at CBBT were utilized to provide a measure of the wind field affecting the bay (Figure 2 ). All the data were used in the spectral analysis, data from 1994 were used in developing each hindcast method, and data from 1996 were used to test each hindcast method. For 1994 and 1996, there were relatively few ,gaps in the data. In addition, the analysis of wind-forced variability (section 6) gave remarkably similar results for the two years. Gaps in the wind record, which represent <2% of the total number of observations, were filled in two ways. If the gap was 6 hours or less, the missing northward and eastward speeds were filled by linear interpolation. If the gap was >6 hours, the missing components were filled with winds from the other station. NWS' s assimilated wind fields, which are based on observations and the output of atmospheric models, could potentially provide greater spatial resolution, but they were available at a lower frequency (every 6 hours) than desirable.
River flows for the nine tributaries (the Susquehanna, Patuxent, Potomac, Rappahannock, York, James, Nanticoke, Choptank, and Chester Rivers) used in the numerical model were based on the monthly averaged values for flows from 1980 to 1994 determined by the U.S. Geological Survey. Flows at any particular time were obtained by linear interpolation of the monthly values. Since rivers flows were found to have only a very minor influence on water levels, it was decided that the use of data with a greater time resolution or data for 1996 was not necessary. Coastal subtidal waves enter the bay and travel up the bay with an amplitude that is relatively constant and with the same shallow-water gravity wave speed as the astronomic tide wave. The direct wind-driven water level response, which tends to have the opposite sign as the coastal wave, is strongly linked to both the direction and the duration of the winds. The most common wind systems are associated with the frequent passage of midlatitude atmospheric low-pressure systems across the bay, which move at a variety of speeds. In addition, because of the bay' s extremely long north-south extent, winds in the lower bay can be different in speed and direction from those prevailing over the upper bay. Because of the bay's nan'owness, even small differences in wind direction may give rise to significantly different responses. Depending on the arrival time at a particular location, the subtidal wave can often counteract the local wind effect. This partial compensation is the major reason that hindcasting bay subtidal water levels is so difficult. energy. In the long-period end of the spectra (periods >10 days), however, this trend is reversed; the coastal areas exhibit a great deal of energy, whereas Baltimore and the midbay are relatively less energetic. These results are similar to those obtained by Wang and Elliot [ 1978] , for whom Annapolis was the most northerly water level station. As noted by Wang and Elliot [1978] , the similarities between the water level spectra and the wind spectra, especially in the 1-to 5-day band and the 10-day and above band, imply a strong connection between bay water levels and local winds. The fact that water levels at Baltimore are highly energetic in the 1-to 5-day band, even though winds in that band are less energetic, means that Baltimore either is influenced more by coastal forcing than local winds (i.e., the coastal wave is larger at Baltimore than at CBBT, which is not likely) or that Baltimore is exceptionally sensitive to local winds, even if they are weak. This second cause is more likely because winds can act on both the bay's long north-south axis The second mode may be thought of as tilting of water levels along the axis of the bay and is generally considered to result from the direct effect of wind over the bay. The second mode accounts for only 15.8% of the energy at CBBT and 14.1% at Solomons but represents 40.9% of the energy at Baltimore. The amplitude of the second mode also varies within the bay; it is highest near the head at Baltimore, diminishes toward Lewisetta near the middle bay, and changes sign and then increases in amplitude toward the mouth. This change in sign between the upper and lower bay indicates that a node is located between Gloucester and Lewisetta. Because the amplitudes are approximately equal in magnitude at these two locations, we estimate that the nodal line is located midway between them. This location is at about one-fourth of the distance from the entrance to the head at the Susquehanna River. Theory says that for an enclosed basin with uniform width and depth the nodal line would be about at the halfway well as the stations within the bay ensured the dominance of point [Hutchinson, 1957] . However, since the southern half of the coastal effect in the first mode. In terms of total energy the the bay is wider than the northern half, the nodal line would be first two modes were the most important; the sum of the first positioned more to the south, and since the bay is open at its and second modes accounts for fi'om 97 to 99% of the total southern end, the position of the nodal line would be further subtidal energy at all stations inside the bay as well as 82% at modified. Friction would also alter the node' s position. These Lewes and 93% at Duck. Physically, the first mode represents patterns of variability support the concept of a coastal signal the portion of the subtidal signal that •s common to all 10 having a uniform importance throughout the bay (as shown in locations; in other words, it is a time series of bay and coastal the EOF first-mode amplitudes) and the increasing importance for total water level and found that the component forced by coastal setup is approximately uniform throughout the bay. However, the wind effect was proportional to the distance from the entrance. Thus, at small distances (i.e., near the mouth) the coastal effect, whatever its magnitude, would dominate. Wind effects would be small but become more important with distance from the entrance. Although he did not make any calculations directly relating to Chesapeake Bay, Gatvine notes that if an estuary is oriented nearly parallel to coast, as is the Chesapeake Bay, the two effects would act in opposition.
Analysis of
Although the spectral, EOF, and analytical model analyses described above provide considerable information on the bay' s subtidal water level variability and its relation to coastal water level and local wind forcing, none of these approaches can be easily used for hindcasting. This is because the spectra have no time dependence, the EOF results are not directly related to the wind signal, and the analytic method does not allow width, depth, or wind to vary in space. Thus we proceed to the statistical con'elations and numerical hydrodynamical modeling as the hindcast methods for this study. On the basis of the previous analyses the strategy of the study was to use three stations (CBBT, Solomons Island, and Baltimore) as proxies for the entire bay.
Statistical Hindcasts

Indicators of Coastal Forcing
To select an indicator of coastal forcing, we used crossspectral analysis of subtidal water levels inside the bay and water levels at a number of coastal stations up and down the coast outside of the Chesapeake Bay entrance. For the subtidal water level at Baltimore, cross-spectral analysis was performed with the subtidal water levels observed in 1994 at CBBT, Duck, and Lewes. The coherence between Baltimore and each of these three coastal stations is only significant for periods >4 days. Baltimore is most coherent with Lewes, which is interesting, given that CBBT and Baltimore have the Chesapeake Bay in common, while Lewes is in the Delaware Bay. It may be that Baltimore and Lewes are affected similarly by the winds of storm systems which transit the area because they are located at about the same latitude. In addition, they are both located in shallower water than CBBT is. For Solomons Island, a statistical predictor of the coastal effect was sought using subtidal water level observed at CBBT, Lewes, and Duck. Again, of the three coastal sites the coherence with Lewes was the highest. However, unlike the situation at Baltimore, the coherence remains significantly high even for periods as short as 2 days.
For CBBT, only Lewes and Duck were investigated as indicators of the coastal effect. In contrast to the results at the two locations inside the bay, subtidal water levels at CBBT are slightly more coherent with those at Duck than with those at Lewes. The coherence between the two signals is significant in both the subtidal and tidal fi-equency ranges. Unfortunately, the time lag between Duck and CBBT is only on the order of I hour, thus making Duck an unsuitable choice for a predictor.
Therefore subtidal water levels at Lewes (which lead water levels at CBBT by several hours) were selected for the predictor of coastal forcing in the regression equations.
Indicators of Wind Forcing
To choose an indicator of wind forcing, we performed cross-spectral analysis between the subtidal water level difference between MSL at the two locations was assumed to be Zero. Kiptopeke was also considered for the boundary condition, but because it is located on the north side of the entrance and adjacent to the shallower of the two natural channels, CBBT was thought to be more representative of water level variability on the shelf.
At the water-bottom interface, the bottom stress % is expressed as 'rb. ,. = pCt, lU x 'rb>, = pCbluy , Results were only slightly less accurate at Solomons Island. The next method of validation was the comparison of the hourly water levels (from the year-long astronomical tide run) at several Bay stations. The RMS differences, which are generally small, are shown in Table 1 . The difference at CBBT, near the entrance, is the lowest (0.7 cm) and generally increases with distance up the bay. The largest value (6.4 cm) Figure 9 . Overall, the spectrum of the observed data is matched by the model. Differences occun-ing in the 1.5-to 5-day period band suggest that the model is not energetic enough in response to direct meteorological forcing. This may be attributed to the lack of spatial (and temporal) resolution in the driving wind fields.
Analysis Of Hindcast Results
Using the statistical equations and numerical model (which were calibrated using 1994 data for hourly winds at CBBT and Thomas Point and hourly water levels at CBBT and data fi'om 1980 to 1994 for monthly mean river flows), we made two year-long hindcasts for 1996 using that year' s winds and water levels and the same monthly mean river flows but not changing the coefficients in either set of hindcast equations. For comparison purposes, we also ran both methods to produce hindcasts for 1994 using that year's data for input. The 
Annually Averaged Accuracy
We first examined the relative accuracy of each hindcast method in i eproducing the observed subtidal water level variation at three stations (Baltimore, Solomons Island, and CBBT). When averaged over the year, the model gave lower differences at all locations and for both years (Table 2) The outliers also vary throughout the year (Figure 11 b) . As with the monthly RMS differences, all three stations show a maximum in winter (January and February) and a minimum in summer (June and August). This pattern suggests, as does the variation of RMS differences, that errors both inside and at the mouth of the bay are highly related to midlatitude wind events.
Hindcasts of Total, Coastally Driven, and Wind Driven Variations
A comparison of the subtidal variability in 1994 and 1996 due to (1) total forcing, (2) coastal setup forcing only, and (3) local wind forcing only was made to determine the ability of each hindcast method to separate the latter two signals. Although both hindcast methods were validated with 1996 data, the results for the 1994 data are included to assist in establishing spatial patterns. For each method the water level signal for total forcing was generated as explained in section 6.1 The statistical coastally forced signal was generated by simply rehindcasting water levels for the whole year but including the Lewes detided water level and excluding the wind terms. The statistical wind-forced water level signal was generated by including the wind terms while excluding the 
Relative Magnitudes of Coastally Driven and Wind
Driven Variations
An attempt was made to quantify the ratio of the coastally forced to the wind-forced variability. Only a few approaches have been proposed in the literature which can be used objectively to quantify this ratio, and we review them here briefly. Using some of these approaches, we have developed four methods for estimating the ratio, and these are explained below. The first approach was described by Gatvine [1985] ; we refer to this approach in method 1 and discuss it further The results are for the observed total and both statistical and numerical model-generated hindcasts of total, coastally forced, and wind-forced variations. Note that the variance of the observed minus the variance of the predicted does not generally equal the variance of the en'or (Table 3) , which is the variance of predicted minus the observed. Bal, Baltimore, Sol, Solomons Island. Three additional methods were developed using the data and hindcast methods described in this paper. Method 2 was based on the results of the EOF analysis. Assuming that the first mode is due entirely to the coastal forcing and the second is due entirely to wind forcing, we calculated the ratio of the percentage of the total variability (based on the energy shown in Figure 6 ) in the second mode to the percentage in the first mode at Baltimore, Solomons Island, and CBBT (Table 5) Method 4 is based on comparing the variance of our hindcast water level signals using hourly values in 1996 generated by each method when either one or the other forcing was turned off (see Table 4 ). For example, using the statistical hindcast, we find that at Baltimore the variance due to wind forcing alone is 183.3 cm 2 and that due to coastal forcing alone is 153.3 cm 2, so the ratio of the variances due to wind forcing and coastal forcing is 1.20. Results using both statistical and model-based hindcasts are shown in Table 5 .
In general, the results from each method are consistent with each other and indicate that ratio of the variability due to direct wind forcing to the variability due to coastal forcing is a minimum at CBBT (averaging 16%) and increases with distance up the bayto 38% at Solomons Island and to 103% at 
